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Abstract  Traditional dataflow architectures hide the latency of waiting for operands through

multiple contexts. But multiple contexts can only improve the utilization of function units in
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processing elements of dataflow architectures partly. When dealing with typical scientific applications
such as stencil, FFT and matrix multiplication, they are still not efficient enough because the
utilization of function units is not very high. In the kernels of scientific applications, the same
operations are usually performed on different data. Because the data are usually independent of
each other, the operations on different data can be performed in parallel. Traditional dataflow
architectures are general purpose. They usually implement the same operations on different data
in loops where iterations are executed in sequence. It results in that traditional dataflow architectures
don’t exploit the parallelism of scientific applications. Dataflow computing is very suitable for
scientific applications but traditional dataflow architectures don’t coordinate the dataflow computing
model and the features of scientific applications. Based on the computing features of scientific
applications, in this paper, we propose an optimization of dataflow architectures for scientific
applications: loop-in-pipeline optimization. The optimization takes advantages of the blocking and
parallelism features of scientific applications and improves the context control logic of traditional
dataflow architectures. The optimization implements the loops of scientific applications in hardware
and switches the contexts in pipeline model. The loop-in-pipeline dataflow architecture streams
the contexts into the processing element (PE) array in pipeline model to improve the utilization of
function units. But the traditional dataflow instruction mapping algorithms are not adapted to the
loop-in-pipeline architectures. Based on the features of the loop-in-pipeline architectures, we
propose a novel instruction mapping algorithm: LBC (load-balance-centric) dataflow instruction
mapping algorithm. The LBC algorithm maps the instructions into the PE array according to the
depth of each instruction in the dataflow graph. For each instruction, the LBC algorithm computes
the cost of each position of the PE array and takes the position of the minimum cost as the best
position. The LLBC algorithm focuses on load balancing. To balance the integer function units and
floating point function units in each PE, the LBC algorithm maps the fixed instructions and float
instructions separately. When an instruction is going to be mapped to the PE array., the LBC
algorithm takes the multiplication of the transfer delay of adjacent PEs and the number of the same
type (fixed of floating) instructions which has been mapped to the PE as the load-cost. Besides, the
LLBC algorithm augments the algorithm with the consideration of network contention. The sum of the
distances between an instruction and its predecessor instructions is taken as the transfer-cost. The
transfer-cost makes the path of each message transferred in the on-chip network minimum and reduce
the hops of messages in the network. Experimental results show that the loop-in-pipeline optimization
achieves a 4. 6% average performance improvement over the traditional dataflow architectures and
the LBC algorithm achieves a 182.6% and a 158.1% average performance improvement over
SPDI and SPS algorithm respectively on typical scientific applications.

Keywords  instruction mapping; dataflow; loop-in-pipeline; scientific processing unit; high-

performance computing
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10. END IF
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158.1%.

5 BIR TTEARF ML E T A [F] 45 4 B o5
Dk g . & SPDI, SPS.NC, LB, LB+
FFB.LB+NC 1 LB+FFB+NC 5/ 11 £ R
Wi S 5 v AR I L T 19 (LB NC) — NC) /NC %R
TE W 28 55 G A0 A i L Ak L om A B 2 38 i O A6 S Ak
BER T (A 20 ) ((LB+FFB) —LB) /LB %R 7E 1
2 A ) R O ACE BT R A O A S B PR RE R
FHCE 4 ), ((LB+FFB+ NC) — (LB+ FFB))/
(LB+FFB) 375 7 T 48 24 i e I o 1 4 19 ik
filh B A ™ 48 55 AR A s i M RE SR T CE 4 D
(LBC—SPDI)/SPDI 27~ LBC $5 4 it 51 2 v: 46
SPDI iy REHR TF (A 43 o) - (LBC— SPS) /SPS R
LBC #5 4 Wt 5 20 v AH o SPS (9 PERESR T (A 43 H).

TENR I K AL B 45 14 B G ) 48 56 1 1
s AR B 1 B O AR A i s 2 I 2 5 0 B — o AR
FEWE FEY B Ve BEAS PR WD S 9 5 L I 4% SN T
EPERE N ER. 140 3D Stencil % i LBC 4§ 4 e 444
L 7E 6 2 MESH W% f1 8 &2 MESH W% K, T
() PERE 4 3k 194. 9GFLOPS F1 198. 9GFLOPS,

£S5 FEMBHRETARBESHREEZNERE

FFT 2D Stencil 3D Stencil MatrixMul Average

SPDI(GFLOPS) 64. 39 38. 14 36.79 56.99

SPS(GFLOPS) 58.01 57. 45 43. 80 57. 85

NC(GFLOPS) 54. 88 62.15 53. 37 84. 21

LB(GFLOPS) 58.49 55. 84 31.01 47.33

LB+ NC(GFLOPS) 72.61 61. 89 98. 49 148. 63

9MESH LB+ FFB(GFLOPS) 68. 29 62. 60 37.78 76.02

LB+ FFB+ NC(GFLOPS) 72.24 64. 89 89. 74 150. 32
(((LB+NC)—NC)/NO) /% 32. 32 —0.42 84.52 76. 50 48.23
(((LB+FFB)—LB)/LB)/% 16. 76 12. 11 21.81 60. 63 27.83
(((LB+FFB+NC) — (LB+FFB))/(LB+FFB)) /% 5.78 3. 65 137. 54 97.74 61.18
((LBC—SPDD /SPDD /% 12.19 70. 15 143. 89 163. 75 97.49
((LBC—SPS)/SPS)/ % 24.53 12. 95 104. 86 159. 86 75.55
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(%
FFT 2D Stencil 3D Stencil MatrixMul Average
SPDI(GFLOPS) 77.65 47. 10 52.91 112. 80
SPS(GFLOPS) 83.56 87.61 62. 83 91.22
NC(GFLOPS) 75.54 73.25 75. 00 124. 69
LB(GFLOPS) 104. 36 94. 81 61.06 94. 11
LB-+NC(GFLOPS) 138. 15 118. 69 172.58 266.43
IMESH LB+ FFB(GFLOPS) 124.76 122. 84 74.15 150. 27
LB+ FFB+ NC(GFLOPS) 135.99 124. 18 171. 98 295.97
(((LB+NC)—NC)/NCO) /% 82. 87 62. 04 130. 10 113. 68 97.17
(((LB+FFB)—LB)/LB)/% 19. 56 29.57 21. 44 59.67 32.56
(((LB+FFB+NC) — (LB+FFB)) /(LB+FFB)) /% 9. 00 1. 09 131. 93 96. 96 59.75
((LBC—SPDID)/SPDD /% 75.13 163. 63 225.03 162. 38 156. 54
((LBC—SPS)/SPS)/ % 62.75 41.75 173.71 224. 46 125. 67
SPDI(GFLOPS) 83.18 61.67 62.55 125.72
SPS(GFLOPS) 84. 37 89.43 62. 85 125. 93
NC(GFLOPS) 78. 60 69. 84 74. 94 124. 60
LB(GFLOPS) 139. 23 101. 80 71. 26 139. 50
LB-+NC(GFLOPS) 192. 84 157. 54 175. 58 266.79
SMESH LB+ FFB(GFLOPS) 158. 27 138. 90 109. 34 224.03
LB+ FFB+ NC(GFLOPS) 188. 41 165. 77 194. 87 360. 63
(((LB+NC)—NC)/NO) /% 145. 34 125. 56 134. 29 114. 12 129. 83
((((LB+FFB)—LB)/LB))/% 13. 68 36. 44 53. 44 60. 59 41. 04
(((LB4+FFB+NC) — (LB+FFB)) /(LB+FFB)) /% 19. 04 19. 35 78. 22 60. 98 44. 40
((LBC—SPDD /SPDD /% 126. 49 168. 80 211.54 186. 85 173. 42
((LBC—SPS)/SPS)/ % 123. 32 85. 37 210. 05 186. 38 151. 28
SPDI(GFLOPS) 83.08 61.46 62.53 125.78
SPS(GFLOPS) 86. 34 90. 34 62. 85 125. 86
NC(GFLOPS) 78.26 74. 04 74.96 124. 64
LB(GFLOPS) 141. 83 102. 94 71.28 143. 36
LB-+NC(GFLOPS) 203.17 158. 81 175. 97 266. 69
SMESH LB+ FFB(GFLOPS) 159. 56 140. 99 143.76 293. 33
LB+ FFB+ NC(GFLOPS) 211.57 166. 41 198. 90 360. 63
(((LB+NC)—NC)/NC) /% 159. 62 114. 50 134. 75 113. 97 130. 71
(((LB+FFB)—LB)/LB)/% 12.50 36.97 101. 69 104. 61 63. 94
(((LB+FFB+NC) — (LB+FFB)) /(LB+FFB)) /% 32.59 18.03 38.35 22.94 27.98
((LBC—SPDD) /SPDD /% 154. 65 170. 76 218. 06 186. 72 182.55
((LBC—SPS)/SPS)/ % 145. 04 84.19 216. 45 186. 53 158. 05

Fii 00T B 1 BE LT A ). Bl & I 45 7 B8 9 38
LBC #5 4> It 55 52 v AH b SPDI Fil SPS 8 12 1 1 g 4
e LB A B N I T AR . B e T UL, A TE 4A
LBC 45 4 Wt 5 5 2% 15 2 (1 2 58 $2 T+ 22 b SPDI
SPS K. )\ LBC #& 4 B 5 5 1 )8 43 A J AT ] LA
BB WA W 281 5803 I, 2835 i i R i M g
PETHF-HIN 48, 2003 25 B n 2 130. 7%, 5 TR
F 44 P R 1 M RE 4R T 2 N 27, 8 90 18 i 41 w5 3
63. 9 %0, T 19 45 55 4 A5 Ak T 4 R 1) 1 RE £ 1 35 ML
61. 2% 2 i MM F] 28. 0%6. X & i T M 45 747 T Y 16
TS AT I 2% 5 e I A B Ok B 8K R 5 E R Y
A TE T L 4 T AN L 48 B A A T R I
RE 2 TH-th B /N T 7 P90 45 75 S A i IR DL T S gk
YA R VR A SR A A A M B L TR e L
R B P BE $ T A R

28 3 A SCHE 06 BRI K A AL A1 LBC 45 4 ik

SEARAC S BOHE A 25 4 e Ak Bl R i ) 2 g T

B E R, fEA T FFT. 2D Stencil, 3D
Stencil FVHE FEIfe 2 1 L A0 A6 J5 0 030 U 445+ A 1Y
VRS MERE 4 Bk 211. 6GFLOPS, 166. 4GFLOPS,
198. 9GFLOPS #1 360. 6GFLOPS, 52 56 H 5 48 1Y %%
i U 45 A4 1 B8 0 Pk e B 512GFLOPS (BUKE
JE) S BRI 4 i SR % B A 280238 43 ) Ry AL 304
32.5% .38. 8% 1 70. 4 %.

tF FFET, SCk[17] & k. 78 Tesla C2075
(1. 03TFLOPS) I, it 4k J5 ) FFT (1 7% i Pk
AE N 200GFLOPS, A it H &L o 19. 4%, & 1k
05 B 0 45 48 19 840 Oy GPU R 210 %.
%1 F 2D Stencil, Lk [ 18] & 78, #£ Tesla C2050
(1. 03TFLOPS) |, & b5 19 2D Stencil (1 7%
FPERE N 100GFLOPS. A it Hs R Ky 9. 7% . &
DAL G 1 B8 0L 25 48 3808 S GPU R 340 %.
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1T 3D Stencil, 3CHR[ 19 |7~ » 7E Tesla C2050 | .4
A5 ) 3D Stencil B4 7 S RE I 87. 3GFLOPS,
P LR % ol 8.5 Y0 T B 1 SCik [ 20 ] 2 7R, 7
Tesla K20C (3. 52TFLOPS) |, 3D Stencil [y & &
PERESN 175GFLOPS, HAL % H 5. 0%, iX FEE W
ST K20C 4248 78 BRI 0 75 fig $2 TH 4 KL (H
W A7 v 48 FHE/N. X Stencil X R it 55 U5 £F
FO G 1 B, L BB 2 32 WA O 0 PR
PRI L B O AN 2 B 2 00 0 Tk RE R PR K
M S8 T 3D Stencil £ K20C FIBCR EARK. &
A JE B BCHE A5 R AR O GPU B
460 %0, X F4E MR L . SCHR[21 18R W 7E Tesla S2050
(1. 00TFLOPS) I, 2 2 LAk J5 1) 4E FF e 1 14 3% 5t
PERE A 804GFLOPS, Hial %k 78. 3% . &t ik )5
{1 50 B0 3 45 4 8% 0 GPU 0% 1Y 90 %,

K AEALFE FET.L 2D Stencil. 3D Stencil F14E
Wi ofe 1 B 22 3ok O A i o 5040 i 45 A ) 38803 40 ) R
GPU 8% 1 210 % .340 % ,460 % A1 90 %6 » {7 J 4
Tk Em AR T GPU 1y &85, 78 o o W #2 P 1
BBt F GPU By&0CR. X & F GPU %1% 48 & 1t
1A 2R Sh Ak DL B 3 v Oy v P i ik o 00 oK R ) X S
Wi 3fe 1 i T e 2 I Ak JIr A BB BRUAS 65 v T 80 L T
1A R HEAT R K 25 48 0 A6 0 B2 P B 503 ) A
XA

6 HIERAFRIE

TET [ Rk 2 B AU I L A% 0 B T 45 AL A R
FHBE 2158 43 B A0 A7 Ak B AR, 6 A [\] E 3
18y R AT Ak 35 B0 T A G KA A 4 A 1) T SRR
IR A SCE IS A B B R RRAE B T —F
T[] AR 2 B 1 5 90 O 285 A AR Ak T 12 < A0 B T K
A6 J7 . 6 R K DG AR D7 125 3 2ok K B A 1 1
IR F AR B AR J7 =X 52 BRI K A Ak B i 5K
I8 U 45 A8 v B TSR AR R 3R A B4 T SR 4
R FEAL G AR A WS 7 S8 A0 LG T 1% G T 45
A6 R K DL AR Ja B B It 45 4 1 P e P X £ T
T 4.6%.

H T A% B8 Bt i A A WA SN 3 A 10 B K
DA e 0 B E a 45 1 o A 4 LR A0 B K A Y ER
R ARy O NS A D O [TE 7 W & R =N O &
VLA RRAE L 3 — 20 52 T — b T A B U K e R
I8 UL 45 AR Y 48 4 WL B LBC. LBC #4971 £ 24 i 1
G KA K 25 R b e A WS A% O bR T

TR A AT B0 b SBT3
IR E A [RS8 BRI K AR B0 U 45 A K BR T
P25 |- % 338 i BCHE = . 2% B A IR ER T 2 A%
B P RO SR 25 R R AE AL B Stencil \FFT
IR [ 3fe 12 S5 Rk 2 7 FH IS & 4 G T 4% B 4 4 e i 3
2: SPDI #il SPS, LBC 4§ 4 W 5 55 15 76 796 25 it /K 1k
SER K MR 1 2 RE 2 BT 4R T T 182, 6%
F1158.1%.
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contexts can only improve the utilization of function units in

processing elements of dataflow architectures partly. When
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dealing with typical scientific applications such as stencil,
FFT and matrix multiplication, they are still not efficient
enough because the utilization of function units is not very
high. In this paper, we propose an optimization of dataflow
architectures for scientific applications. The optimization
takes advantages of the blocking and parallelism features of
scientific applications and improves the context control logic
of traditional dataflow architectures. The optimization imple-
ments the loop of scientific applications in hardware and
switches the contexts in pipeline mode. The loop-in-pipeline
dataflow architecture streams the contexts into the processing
element array in pipeline model. Experimental results show
that the loop-in-pipeline optimization achieves a 4. 6 % average
performance improvement over the traditional dataflow
architectures.

But the traditional dataflow instruction mapping algorithms
are not adapted to the loop-in-hardware dataflow architectures.
Based on the features of the loop-in-hardware architectures,
we propose a novel instruction mapping algorithm: LBC (load-
balance-centric) dataflow instruction mapping algorithm.
The LBC algorithm maps the instructions into the PE array
according to the depth of each instruction in the dataflow

graph. For each instruction, the LBC algorithm computes the

cost of each position of the PE array and takes the position of
the minimum cost as the best position. The LBC algorithm
takes the multiplication of the transfer delay of adjacent PEs
and the number of the same type (fixed of float) instructions
which has been mapped to the PE as the load-cost. Besides,
the LBC algorithm augments the algorithm with the
consideration of network contention. The sum of the distances
between an instruction and its predecessor instructions is taken
as the transfer-cost. The transfer-cost makes the path of each
message transferred in the on-chip network minimum and
reduce the hops of messages in the network. Experimental
results show that the LBC algorithm achieves a 157% and a
126 % average performance improvement over SPDI and SPS
algorithm respectively.

This project is supported by the National High Technology
Research and Development Program (863 Program) of China
(No. 2015AA01A301), which focuses on the architecture of
exascale super computers. Our team focuses on the processor
architecture of exascale computers and proposes a scientific
processing unit which integrates a dataflow accelerator. And
the results of our simulation experiments showed that

dataflow computing is very efficient on high-performance

computing.





